The regional dust morphology and spectral refractive indices (RIs; governed by hematite, Fe 2 O 3 content at short wavelengths) are key elements for ascertaining direct radiative forcing of mineral dust aerosols. To provide morphological features of background mineral dust from a semi-arid zone in the vicinity of the Thar Desert, we carried out an expedition to the Jaipur city during late winter of 2012. Morphological analysis reveals the predominance of "Layered", "Angular" and "Flattened" particles, while the frequency distribution of a total of 235 dust particles shows the aspect ratio, AR and circularity parameter, CIR (measures of particle's non-sphericity) typically ~1.4 and ~0.8, respectively. Sensitivity analysis at 550 nm wavelength reveals the equivalent sphere model may underestimate Single Scattering Albedo, SSA for the dust with low (~1.1%) hematite by ~3.5%. Both underestimation (by ~5.6%) and overestimation (up to 9.1%) are probable in case of dust with high hematite content (~5.68%). In addition, the effect of AR on the dust scattering is significant in case of dust with high hematite content. More such regionally representative dust morphological data are required for better estimation of regional radiative forcing of mineral dust aerosols.
INTRODUCTION
The direct radiative forcing (DRF) imposed by aerosol remains still uncertain to large extent (Boucher et al., 2013) . The effective radiative forcing due to aerosol-radiation interactions (ERFari) via mineral dust aerosols has been reported to be -0.1 (-0.3 to +0.1) Wm -2 (Boucher et al., 2013) . Generally, the mineral dust sources are associated with arid regions with low rainfall (annual rainfall < 200-250 mm). The arid zones are often affected/extended due to droughts, climate shifts and human activities like inappropriate agriculture practices, overgrazing and deforestation etc. (Prospero et al., 2002) . North Africa is the largest mineral dust source region in the world where Bodélé Depression (northern Chad) plays crucial role in dust emission (Engelstaedter et al, 2006) by contributing up to 18% of global dust emissions (Todd et al., 2007) . Besides this, Middle East, Central Asia and South Asia are the other persistent sources for the mineral dust (Prospero et al., 2002) . Mineral dust is radiatively very important in the atmosphere due to its widespread distribution and relatively high optical depth (Sokolik and Toon, 1996; Tegen et al., 1997) . The morphological (shape and size) analyses of atmospheric particles using Scanning Electron Microscopes (SEMs) reveal that the shapes of dust particles are extremely irregular (Buseck and Pósfai, 1999) . The morphological factors such as shape, sharpness of edges and surface texture (i.e., the degree of surface roughness) affect the single scattering properties of a particle. The light scattering of a single particle is affected mostly by three key factors: the size of the scatterer compared to the wavelength, its shape, and its refractive index, m (m of atmospheric aerosols depends on their chemical composition). The aerosol optical properties; Single Scattering Albedo (SSA), Asymmetry Parameter (g) and Extinction Efficiency (Qext) are numerically estimated by utilizing region specific dust morphological and chemical composition information obtained from ground based and in-situ aircraft observations.
In general, for current modeling practices, radiative transfer simulations and remote sensing implementations, shape of dust particles is assumed to be homogenous sphere so that the classical Lorenz-Mie theory can be used. However, based on the measurement and modeling studies (accounting for particle morphology), the optical properties of real dust particles have been found to be quite different compared to that of volume-equivalent spheres (Volten et al., 2005; . Therefore, to improve our current understanding about radiative properties of mineral dust, the information on regional dust morphology is needed.
Microscopy-based techniques for individual particle characterization with a brief overview of major particle types, their identification, and their sources have been reviewed by Pósfai and Buseck (2010) . They emphasized the importance of characterization of physical and chemical properties of individual aerosol particles that may contribute to climate effects. Imaging techniques have been used as the valuable tools for the categorization of the atmospheric particles throughout the world (Okada et al., 2001; Okada and Kai, 2004; McDonald and Biswas, 2004) . However, in whole Asia, most of the studies for dust characterization are limited to the Chinese Deserts.
In context to India, the Great Indian Desert (also known as the Thar Desert) is known as the local source of mineral dust in South Asia. Satellite observations, back trajectory analysis, and chemical analysis support the fact that the Thar Desert is the local source of mineral dust (Deepshikha et al., 2005; Chinnam et al., 2006; Moorthy et al., 2007) which spreads over an area of 0.32 × 10 6 km 2 in the north-west part of India. To the best of our knowledge, there is no study from the Thar Desert which reports the detailed morphology of regional aerosols. Hence, a series of field observations are being carried out in the region to provide a statistically significant database which could be fed in the optical and radiative models to understand their impact on regional climate. This study is a part of aforesaid campaigns where regional atmospheric particles have been collected from Jaipur (a semi-arid zone, Rajasthan, in vicinity of the Thar Desert) during late winter, 2012 for studying the individual particle morphology and the chemical composition. The companion paper (Agnihotri et al., 2015) from the Jaipur field experiment reports the mineralogical composition of particles at bulk and at individual particle level while this manuscript presents detailed morphology of background mineral dust, the standard nomenclature of particle shapes based on NIST (National Institute of Standards and Technology) library, inferences on individual particle composition based on SEM-EDS spot analysis, spectral variation of refractive indices of regional dust particles and finally the sensitivities of dust morphology and hematite content on the optical properties of dust at the visible wavelength (550 nm).
STUDY REGION
As a first step, the experiment was carried out in Jaipur (26.89°N, 75.81°E), a semi-arid zone close to the Thar Desert. It is the state capital of Rajasthan surrounded by various old forts situated on semi-arid mountains such as Nahargarh and Jaigarh with the altitude range 800-1000 m from ground level. The aerosol sampling has been carried out on the aforementioned forts together with Kukas hill (at height ~800 m from ground in vicinity of industrial zone), Kukas NH8 (highway near Kukas hill), Makarana (~110 km west of Jaipur, representative of mining and grinding zone of marbles) and Birla temple (which lies within the city) during February, 2012. These sites are representative of their regional local topography/geology. Thus, overall sampling was carried out at six sites of Jaipur with varying altitude including one faraway site (i.e., Makarana) representing active mining area. Fig. 1 shows the geo-position of all of the sampling sites, few sites with their atmospheric backgrounds and the particle sampler. Sampling sites with their geographical positions, sampling dates with contemporary local meteorological parameters over the sites are given in Table 1 .
THEORETICAL FRAMEWORK, EXPERIMENTAL DETAILS AND METHODOLOGY
Basic morphological parameters of aerosols are calculated based on earlier studies (Okada et al., 2001; Kalashnikova and Sokolik, 2004) :
(1) Maximum projection (or the length of the longest projected dimension): the largest separation between points on the particle convex perimeter. (2) Width (w): the particle's largest length perpendicular to the maximum projection. The aforesaid has been depicted in Fig. 3(a) . (3) Area and Perimeter: projected area and perimeter of individual particles. Maximum projection, width, area and perimeter of individual particles have been calculated using image J software (http://rsbweb.nih.gov/ij/). Using these parameters, the basic morphological parameters are derived which are common in literature. These are aspect ratio (AR), circularity (CIR) and Volume Equivalent Radius (VER). maximun projection AR width 
Aspect ratio of a sphere is equal to one;
where, area and perimeter mean the area and perimeter of the individual particle targeted in the SEM image whose CIR is to be calculated. VER is the radius of a sphere of same volume as that of the non-spherical particle. The parameter VER of a non-spherical particle is calculated by equating its volume with that of same volume sphere.
Volume of a non-spherical particle = particle area × particle thickness
Volume of a sphere = (4/3) × π × r Due to limitations for the particle thickness observation in this paper, we utilized the thickness information for particles collected from Chinese arid regions (Okada et al., 2001) which show that the thickness of individual particleis 0.3 times of particle width. Volume of a nonspherical particle has been calculated using aforesaid relationship, width and area of individual articles in Eq. (3). Now, the Volume Equivalent Radius (r = VER) has been estimated after comparing Eqs. (3) and (4).
In this paper, we calculated CIR following approach by Okada et al. (2001) . The parameters AR and CIR, both give information on extent of particle non-sphericity. However, AR is generally used as the major input parameter for calculation of optical properties of non-spherical particles while CIR is used for generation of shape distribution.
Ambient atmospheric particles [PM 5 (particles with aerodynamic diameter < 5 µm) and few TSP samples] were collected using a low volume air sampler (APM 801, Envirotech) with air flow rates generally kept as 1.5 L/min (LPM). The topological features, surface morphologies and individual particle elemental chemical composition were studied using a Scanning Electron Microscope (SEM: ZEISS EVO MA-10) equipped with an energy dispersive spectrometer (EDS: Oxford Link ISIS 300) facility. SEM is capable of resolving 3nm size particle at 30KV accelerating voltage. Energy dispersive spectrometer attached to the SEM can identify the elements having atomic nos. of the elements from berilium (Be) to uranium (U) with an accuracy of 133 eV. Based on the earlier studies, it has already been shown that the smaller particles (particle diameter ≤ 2.5 µm) reside in the atmosphere for a prolonged time and hence more prone to interact with incoming solar radiation compared to that of large particles (Seinfeld and Pandis, 1998) . The presence of larger particles over the desert can't be ignored especially during summer time when strong convection gives rise in their number; however, the study (Miller et al., 2006) reported that the contribution of bigger particles to the total global annual averaged dust load is negligible. Their modeling study revealed that the total global annual averaged dust load in the atmosphere is mainly due to dust particles of radii < 10 µm where particles with radii 1-2 µm contribute to it the most. In present study, we collected PM 5 and TSP samples. TSP samples were collected for few sites only.
For investigating the bulk chemical composition of particles using XRF facility, PM 5 particles were collected on pre-weighed Teflon (diameter 37 mm) filters using PM 5 sampler. For individual particle morphology and chemical composition (using spot EDS) analysis, particles were collected on the Tin substrates (~1 × 1 mm 2 ; thickness ~0.1 mm). Before sampling, the marked (at a corner side) tin substrate was placed on the Teflon filter such that the marked facet should be the exposure side during particle collection. The exposed tin substrate was collected after 2 hour exposure and carefully stored in small micro-biological specimen tube labeled with sample specifications. These specimen tubes were then stored in the desiccator until the analysis. The scanning of the particles deposited on the tin substrate is done manually through the microscope during SEM analysis. The recorded SEM images reveal the shape and geometrical size of the individual particles. For calculation of surface area, perimeter and AR of individual particles observed in the SEM images, Image J software has been used. Thus estimated area and perimeter of individual particles have been used for the calculation of CIR (as discussed above).
Thus, in this study over all 235 dust particles were analyzed for estimation of morphological parameters. Carbonaceous particles (fractal like morphology; emitting due to vehicular, combustion activity etc.) and pollens were not considered for AR and CIR calculation as they are not dust particles and have been identified based on their characteristic morphology and spot EDS information (if available).
RESULTS AND DISCUSSIONS

Nomenclature of Shapes of the Atmospheric Particles Based on NIST Database
NIST recommended a practice guide (Jillavenkatesa et al., 2001) which emphasizes the importance of standard nomenclature for particle shapes for the better measurements of their size distribution. This is very important for the atmospheric particles especially mineral dust which is highly non-spherical and predominant over the desert regions. The region-specific dust particle shape information may be helpful to reduce the uncertainty in particle size distribution by accounting for the shape factor of representative shapes over that region Slowik et al., 2004) .
To define the particle shapes with standard nomenclature, we have used NIST morphology glossary (http://www.nist. gov/lispix/doc/particle-form/part-morph-gloss.htm). The SEM images of selected sampled particles with their names as per NIST morphology glossary have been shown in Fig. 2 . Most of the particles shown belong to PM 5 size. In addition, a few TSP (bulk size) particles are also shown.
As Fig. 2 (A) (A-1-A-3) depicts, particles from Birla temple site named as quadrangular, rounded layered structure, grape like structure and aggregate. As this sampling site lies within the city so some signatures of pollution were traced by spot EDS analysis of individual particles. Grape like structure is nothing but the big aged carbon fractal comprising of carbon monomers. Due to combustion/vehicular emission activities, fresh carbon fractals (open long chain fractals) are released in the atmosphere which reside in the atmosphere for long time and form close fractals (closed chain compact fractal) due to surface tension and particle dynamics. EDS analysis of the particle reveals that the particle is rich in carbon and sulfur. The sulfur may be forming a layer on each monomer during aging process in the atmosphere. The rounded stratified layered particle was termed as rounded layered particle. The quadrangular particle is basically a deformed cubic particle rich in NaCl while the aggregate particle was found to be rich in CaCO 3 based on EDS data. The particle compositions were inferred based on spot EDS data.
The TSP particles over Kukas NH8 [ Fig. 2 (B) (B-1)] were found with thick, rough, broken or discontinuous layer on the surface and are termed as crust particles. At this site, we also found some rounded shaped particles with specific shape pattern. These particles may be pollens. As these particles were also found over other sampling site (Kukas hill) so these may belong to Kukas area.
Over Jaigarh site [ Fig. 2 (C) (C-1-C-3)], we found some very flat two dimensional triangular structures (termed as triangular flake structure), particles with parallel layers on the surface (termed as layered structures) and flattened rounded crust like structured particles. The flattened structures are of oblate shape and thicker than the flakes. Based on EDS analysis, layered structure particles were inferred to be rich in calcite and quartz. Again, over Kukas NH8 [ Fig. 2(D)  (D-1) ], we found flattened shaped particles.
Over Nahargarh fort [ Fig. 2 (E) (E-1-E-3)], in general we found sharp edged particles termed as angular particles. Angular crust like particle was found to be rich in quartz while some angular particles were found to be rich in C, N, O and Si. The later may be originally quartz particle where aging would have occurred. The curved or crooked particles with relatively rounded grooves are termed as bent structures with channels.
Over Makarana sampling site [ Fig. 2 (F) (F-1)] which is representative of grinding and mining area of marbles, particles were found to be smooth, angular with conchoidal fractures. These particles were termed as glass like angular particles.
The TSP particles sampled over Kukas hill [ Fig. 2(G)  (G-1-G-4) ], shows the majority of rounded shape particles with a unique pattern (may be pollen) which we have discussed earlier. We have also captured some particles which seem to be of biogenic origin with deformed hollow cylindrical (rich in C and O) and flattened shape. At the same site, we observed the particles with thin broken or discontinuous layer on surface (termed as scale particle), particles with nearly all flat surfaces (termed as euhedral particle) and the rounded particles. The euhedral particle was found to be rich in O. "Layered", "Angular" and "Flattened" dust particles were found to be dominant over all the sites. Here, anthropogenic (which were limited to Birla temple site) and biogenic particles were filtered out based on their characteristic morphology and not counted as dust particles. The information on particle shape is valuable to modelers for deciding/designing the model shapes for the optical/ radiative simulation of dust particles over the study region. But only this shape information is not sufficient. For the simulation of dust optical properties, one requires the information on the morphological parameters which have been discussed in the following sections. Fig. 3 (c1) and 3(c2) show the frequency distribution of AR and CIR for the total dust particles sampled from the sites considered in this study (except the Lower Jaigarh Fort where the tin substrate could not be collected due to some technical problem). Based on AR and CIR distributions shown in Figs. 3(c1) and 3(c2), particles with AR = 1.4 and CIR tending to 0.8 were found to be dominant. The kernel fits over the AR and CIR distributions for particles with VER < 2 µm, > 2 µm and all VER reveal the same fact. Here, it is noteworthy that the AR and CIR for spherical particles are 1 (AR = CIR = 1). Higher AR values and lower CIR values represent particle non-sphericity. Fig. 3(c3) shows the number distribution of the dust particles with VER together with kernel fit over the distribution. Micron radius particles were found to be predominant over all the sites. Among all the sampling sites, the highest AR was found to be 5.4 for the particles sampled over Makarana mining area which may give rise to highly non-spherical particles in the atmosphere due to local grinding and mining activities. The average AR and CIR (with their respective standard deviation) of PM 5 particles for all the sites have been given in Table 2 . The particles over Kukas hill show lowest AR (1.52) while the particles over Makarana show highest AR (1.76). The AR and CIR for the whole study region has been found to be 1.64 ± 0.64 and 0.73 ± 0.14, respectively. Kandler et al. (2007) reported the AR to be 1.64 for the AR= 1 CIR= 1
Morphological Parameters (AR, CIR) of Sampled Dust
Spherical particle
(c2) Fig. 3 . (a) Maximum projection of a particle together with particle width (b) volume equivalent sphere of the non-spherical particle shown in (a). (c1) frequency distribution of Aspect Ratio, AR for all the analyzed particles (c2) same as c1 but for Circularity Factor, CIR (c3) size distribution of all the analyzed particles (c4) correlation of AR and CIR for all the particles sampled from the sites s1 to s6. The AR and CIR for the spherical particle is one. Saharan Mineral Dust collected at Izana, Tenerife (Spain), while higher value of AR to be 1.9 have been reported (Reid et al., 2003) for African mineral dust collected over the Caribbean after being transported over the North Atlantic Ocean. Median AR of 1.6 has been reported (Kandler et al., 2009) for the dust particles (size > 0.5 μm) collected over west Saharan Desert. Another study (Coz et al., 2009) reported a median average value of AR to be 1.81 based on the individual particle characterization from North Africa. Study conducted over the Chinese Deserts reported the median AR to be 1.4 for mineral particles with radius 0.1-6 µm (Okada et al., 2001) . The dust morphological study during Asian dust storms (from China) by Parungo (1997) revealed the AR to be 1.5. In a very simplistic approach, based on frequency distributions of AR and CIR over the semi-arid zone under this study (Fig. 3) , one can simulate the optical properties of PM 5 mineral dust by considering the dust particles with AR to be 1.4 and CIR to be 0.8. However, in place of considering single dust model shape corresponding to a single CIR value, it is always better to consider the dust shape distribution (CIR with VER) together with particle size distribution for accurate numerical estimation of dust optical properties (Kalashnikova and Sokolik, 2004; Kalashnikova et al., 2005) .
Spectral Variation of Refractive Indices of Mineral Dust
In general, the error arising due to spherical model approximation is assumed to be negligible compared to the errors associated with other sources, however, the case studies (Kahnert et al., 2005 ; and the references therein) showed that the net-flux error caused by the use of spherical model particles are comparable to the error caused by the uncertainty in the refractive index. Hence, together with particle morphology, the information on spectral variation of refractive indices of mineral dust is also very important for their optical/radiative simulation.
The companion paper (Agnihotri et al., 2015) reports the chemical composition of mineral dust with a range of hematite weight percentage [key component for governing refractive indices at shorter wavelengths Mishra et al., 2012) ] in mineral dust over the semi-arid zone. Agnihotri et al. (2015) calculated hematite weight percentage from elemental oxide data where they assumed that all Fe is present as hematite of density 5.3 gm/cc. Now, using the density of mineral dust (2.65 gm/cc), the volume fractions of hematite has been computed. Following the approach , spectral refractive index (real and imaginary) of mineral dust has been calculated using Bruggman's effective medium mixing rule (Bohren and Huffman, 1998; 217 pp.) at wavelengths 550, 670, 860, and 1020 nm. The volume percentage of hematite [with the minimum and maximum occurrence, 1.10-5.68 over the arid zone; expect Kukas Hill where high Fe (hematite) contribution may be due to anthropogenic activity] (Agnihotri et al., 2015) has been used as metallic percentage while the non-metallic proportion has been constrained based on measurements (Peterson, 1968) for simulation of refractive indices. Fig. 4(a) shows the variation of real part of refractive index with the considered wavelengths for the minimum and maximum percentage of hematite while Fig. 4(b) shows the same but for imaginary part of refractive indices.
Values of n and k were found to increase with increasing hematite fraction. Between the two hematite percentages, the deviation in "n" is significant at 550 nm wavelength and the same is true for "k". In case of Fig. 4(b) , the deviations diminish with increasing wavelengths. Both the indices (n and k) fall with increasing wavelengths for the considered hematite percentages. Similar spectral variation of "k" was reported for the Saharan dust (Carlson and Caverly, 1977) . The refractive indices of the dust particles [clay component with varying hematite volume percentage] (Lafon et al., 2006) support the overall trend of spectral variation of indices in this study. The increase in hematite content (from 1.10 to 5.68%) was found to enhance the "k" to 5.6-fold at 550 nm wavelength. Using Spectral Optical Absorption Photometer (SOAP) and the retrieval technique, the spectral variation of imaginary part of the complex refractive index, k, for the five Saharan dust samples (i.e., Cairo 2, Burkina Faso, SAMUM B1, SAMUM B2, SAMUM B3) have been estimated (Wagner et al., 2012) . Modeled spectral variation of "k" for the mineral dust over the study site exhibits similar spectral variation as that of Saharan dust samples. "k" for Saharan dust samples have been shown with uncertainties for comparison with that of Indian desert dust.
Sensitivity of Dust Morphology and Mineralogy to Mineral Dust Optics
As it is well known that the visible radiation of the incoming solar radiation interacts most of the aerosol species existing in the earth's atmosphere. Hence, for studying the sensitivity of dust morphology and mineralogy (especially hematite content) to the mineral dust optics, optical properties of dust particles have been computed for some model shapes (refer Fig. 5(a) ; model shapes are with AR 1.5 and 1.6 and VER to be 1.2 µm) at wavelength 550 nm.
The optical properties (such as SSA and extinction efficiency) of the mineral dust with VER 1.2 µm, have been computed using Discrete Dipole Approximation, DDA model (Draine and Flatau, 2004 ; http://arxiv.org/abs/astroph/0409262v2). Major inputs to the DDA code are: refractive index, wavelength (μm), VER of the non-spherical particle, particle shape and the particle shape parameters. AR of the particle and its spread in the X, Y and Z directions, is governed by the shape parameters. The outputs of the code are extinction, scattering and absorption efficiencies (Qext, Qsca and Qabs), g, and the scattering matrix elements. The (a) (b) Fig. 4 . Spectral variation of refractive indices (a) real part, n and (b) imaginary part, k for the 1.10 and 5.68 % (volume) hematite content in mineral dust. The spectral variation of "k" for five Saharan dust samples (i.e., Cairo 2, Burkina Faso, SAMUM B1, SAMUM B2, SAMUM B3) have also been shown with associated uncertainties from a recent study (Wagner et al., 2012) .
DDA code has been tested and verified with the earlier published results (Kalashnikova and Sokolik, 2004; Mishra et al., 2012) for exactly similar conditions. During SSA calculation with the DDA model, dust particles with varying shapes but same size (representative VER 1.2 µm from Fig. 3(c3) ) have been considered. Here, the refractive indices of mineral dust at 550 nm wavelength corresponding to the minimum (1.10%) and the maximum (5.68%) amount of hematite content (Fig. 4) have been used for the simulation of dust optical properties. Fig. 5(a) shows, the observed dust morphologies and their model shapes together with the volume equivalent sphere. For understanding the effect of dust morphology on its optics, model shapes have been considered based on the particle morphology observed in this study over the arid region. Based on the observations, following particles have been considered as Model shapes: 1) Rectangular Grain (RG): based on the appearance of the particle (resembles a rectangular bar), a rectangular solid of length, l has been considered. For simplicity, width (w) and height (thickness; h) have been assumed to be same i.e., w = h.
2) Rectangular Plate (RP): the rectangular flat plate has been considered as model shape to represent the particle which seems to have very small thickness. Here, the thickness (h) has been considered as "h = 0.3 w" where w is width of the particle.
3) Hexagon Plate (HXP): a hexagon flat plate has been considered as model shape to represent the hexagon shape flat particle. Here, thickness of the particle has been assumed in the same way as has been considered for Rectangular Plate (RP). For simplicity, all the sides of hexagon model shape have been considered of equal length. 4) Ellipsoid (ELP): to represent the oblate shaped particle with less thickness, an ellipsoidal particle (axis a ≠ b ≠ c) with semi-major axis, "a" and semi-minor axis "b" and "c" has been considered. Here, thickness (2c) of the particle has been incorporated as "c = 0.3 b". 5) Spheroid (SPD): for representing the thick oblate shaped particle, a spheroidal particle (axis a ≠ b = c) has been considered as model shape. Here, thickness (2c) of the particle has been incorporated as c = b. 6) Triangular Plate (TRP): the triangular prism (sides a, b and c) with small thickness has been considered as model shape for the observed triangular flake particle. Here, for simplicity, two arms (a = b) of the triangular facets have been considered of same length but smaller than the third side (c). The thickness of the model shape has been considered as in case of RP, HXP and ELP. In case of mineral dust with low hematite content (1.10%), all the model shapes except TRP, scatter more (or nearly same) compared to that of their volume equivalent sphere. Model RG shows the highest deviation followed by HXP from their equivalent sphere for both the aspect ratios (3.5% followed by 2.3% for AR 1.6; and 3.1% followed by 2.8% for AR 1.5). In case of low hematite, the effect of AR on the dust optics is not significant.
In case of mineral dust with high hematite content (5.68%), some model shapes (RG, RP and HXP) scatter more while other (ELP, SPD and TRP) scatter less compared to that of their volume equivalent sphere. Model shape TRP shows the highest deviation amongst all the model shapes from their equivalent sphere for both the aspect ratios (8.1% for AR 1.6 and 9.1% for AR 1.5). Compared to low hematite, the effect of AR on the dust optics is significant in case of high hematite content. In general, the scattering was found to increase with increase in AR of model shapes.
The effect of particle non-sphericity on mineral dust optics is significant in case of mineral dust with high hematite content. Hence, the non-sphericity of the dust particles must not be ignored in case of dust rich in hematite. In low hematite dust, SSA may be underestimated by considering equivalent sphere model while for high hematite dust, there is huge uncertainty involved in SSA (it may be underestimated or over estimated by considering equivalent sphere model) that depends on the proportions of particle shapes which govern SSA. So, a statistical representative database of regional dust morphology is needed, which may help to reduce the SSA uncertainty significantly. The observed dust morphology and spectral refractive indices (governed by hematite content) will refine the earlier radiative forcing estimation .
To access the change in radiative properties from that of routine based spherical particle assumption, the radiative forcing estimations have been carried out for one nonspherical particle case [i.e., the triangular plate (TRP; Fig. 5 ) with aspect ratio 1.5 and high hematite content 5.68% (by volume)] and its equivalent sphere with similar composition. As we know that the aerosol radiative forcing is a function of the aerosol optical properties [SSA; g (asymmetry parameter) and Qext (Extinction efficiency)] so we fed these simulated optical properties as input in the Santa Barbara Discrete Ordinate Radiative Transfer (SBDART) model (Ricchiazzi et al., 1998) to study the forcing variation from that of equivalent sphere. The forcing simulations reveal that the TRP shape shows higher cooling at surface (4.3%) and TOA (10.3%) while more atmospheric heating (3.2%) relative to that of their equivalent sphere.
CONCLUSIONS
A field observation has been conducted over a semi-arid zone in the vicinity of the Thar Desert during late winter of 2012 to carry out morphological analysis of regional aerosols. Morphological analysis reveals the predominance of "Layered", "Angular" and "Flattened" particles whereas the frequency distribution of a total of 235 dust particles showed the aspect ratio, AR and circularity parameter, CIR typically ~1.4 and ~0.8, respectively. Based on numerical estimation of optical properties at 550 nm wavelength using DDA optical model, we found that the equivalent sphere model may underestimate SSA for the dust with low (~1.1%) hematite by ~3.5%. Both underestimation (by ~5.6%) and overestimation (up to 9.1%) are probable in case of dust with high hematite content (~5.68%). However, the occurrence of underestimation or overestimation relative to equivalent sphere model can be well determined by generating statistical representative database on proportions of particle shapes over the region. The effect of particle nonsphericity (evaluated in term of AR) on the dust scattering is significant in case of dust with high hematite content. Hence, morphological characterization of dust particles is a must for hematite rich dust. The observed dust morphology and modeled spectral refractive indices will refine the earlier radiative forcing estimation.
